Abstract: Multi-walled carbon nanotube (MWCNT) reinforced polyester-based composites were prepared by mixed blending in a solvent. Orthophthalic unsaturated polyester was blended individually with different types of non-functionalized and functionalized MWCNTs. Two types of functional groups: hydroxyl (-OH) and carboxyl (-COOH) were introduced with MWCNTs for the nanocomposites. The mechanical properties of the composites, like tensile, three-point bending and impact energy were evaluated. Fourier transform infrared spectroscopy was used for the functional group analysis. The dispersion characteristics of the samples were observed by transmission electron microscopy and field-emission electron microscopy. In addition, the thermal decomposition and melting behavior of the samples was assessed by differential scanning calorimetry and thermogravimetric analysis. The properties were varied due to the variation of the functional groups. The result analysis showed that the entangled agglomerations of hydroxyl-functionalized MWCNTs were destroyed to relatively smaller clusters. The hydroxyl-functionalized MWCNTs were more effective for homogeneous dispersion and contributed for better mechanical properties of the composites, compared to non-functionalized and carboxyl group-functionalized MWCNTs.
Introduction
Recently, polymer composites have gained huge attention from researchers for high performance applications. Some examples of high-performance applications include structural and building, automotive, aerospace and marine industries. In these applications, high mechanical and thermal stability, excellent chemical resistivity and structural rigidity are frequent and common choices of researchers. Among the thermosetting polymers, polyesters have become the widely used matrix for the fabrication of composite materials. They are well known for structural, adhesive, surface coating, automotive and building materials. However, the brittleness and fragile behavior of polyester limits their uses for different applications which require longevity and high fracture-resistivity. Therefore, it is necessary to improve these materials in terms of long life cycle, durability and safety.
A number of fillers have been used to enhance the performance of polymer composites. Among the fillers, multi-walled carbon nanotubes (MWCNTs), nanoclay and different inorganic salts have been reinforced to improve various properties [1] [2] [3] [4] [5] [6] . The MWCNTs possess high mechanical performance along with magnetic and electrical properties. Additionally, the high aspect ratio is an additional benefit for using them in polymer composites for reinforcement. However, with many advantages of using MWCNTs, there is a limitation of using it in polymer composites. The presence of Van der Waals force among the nanotubes confine them into stabilized bundles which prevent them from forming a homogeneous or even distribution inside the polymer matrix [7] . Therefore, the reinforcement of the MWCNTs into the viscous polymeric resins has become a challenge among researchers, especially for homogeneous and even distribution [8, 9] . There are different methods that have been documented by the previous researchers for an even and homogenous dispersion of nanotubes inside polymers [10] [11] [12] . Sometimes using a suitable solvent is found to be effective for better dispersion. Among other methods, heat treatment, agitation, sonication and mechanical stirring are also important. Recently, functionalization of the nanotubes has been found to be an effective technique for better interactions with the matrices, resulting in improved dispersion. In another study it was found that the ultrasound technique of dispersion can be used successfully to distribute the MWCNTs in thermosetting resin for enhanced mechanical properties [13, 14] . A number of researchers have used functionalized MWCNTs for reinforcement purposes to improve the properties of the nanocomposite, but comparative data for hydroxyl-and carboxyl-functionalized MWCNTs has not been seen yet for polyester-based composites. Functionalization of the nanotubes may change the interactions among the nanotubes and the interactions between the polymer matrix and the nanofillers. Three different samples, for example, non-functionalized multi wall carbon nanotube-based polyester composite (NMPE), hydroxyl-functionalized wall carbon nanotube-based polyester composite (OHMPE) and carboxyl-functionalized wall carbon nanotube-based polyester composite (COOHMPE) were compared with OUPE.
The current study is focused on utilizing functionalized MWCNTs (functionalized by hydroxyl and carboxyl functional groups) for polyester-based composites. The functionalization of the MWCNTs can be performed by using hydroxyl and carboxyl functional groups. In this study, functionalization of the MWCNTs was performed by using hydroxyl and carboxyl groups before using them for reinforcement purpose into the polymer. The even distribution of the functionalized MWCNTs was observed. Comparative data were generated and analyzed for the non-functionalized and functionalized MWCNT-based polyester composites in terms of dispersion, mechanical and thermal properties. The dispersion was compared and observed by transmission electron microscopy (TEM) and scanning electron microscopy. Additionally, the dispersion was analyzed as an indicator of mechanical and thermal performance of the composites.
Materials and methods

Materials
In this study, orthophthalic unsaturated polyester (OUPE) was used as the polymer matrix. OUPE was purchased from Luxchem Polymer Industries Sdn. Bhd., Melaka, Malaysia. MWCNTs were procured from Timesnano, Chengdu, China. Its carbon purity was 95.5%, whereas the diameter was less than 8 nm and the range of length was 10-30 μm. A curing agent named methyl ethyl ketone peroxide (MEKP) and a solvent called tetrahydrofuran (THF) were used. Both chemicals were purchased from the Sigma Aldrich, St. Louis, MI, USA.
Fabrication of the composites
The mixed-blending method was used to distribute the MWCNTs into the polymer resin. A magnetic stirrer was used to agitate or disperse the MWCNTs into the polymer matrix with a rotational speed of 100 rpm and a g value of 0.28 for 1 h. A fixed amount of non-functionalized and functionalized (OH-and COOH-functionalized MWCNTs) MWCNTs (0.5 wt%) was dispersed inside the polymer matrix in the presence of THF (2.5 wt%) for 50 ml of liquid polyester resin. After that, the MEKP was added, and stirring was continued for another 5 min. The preparation was carried out at ambient temperature (25°C ± 2°C). The final mixture was then poured into a metal mold. A layer of wax was applied onto the inside surface of the mold to facilitate the pullout process of the composites from the mold. The name tag and formulation of different samples are presented in Table 1 .
Characterization: mechanical testing
A Shimadzu Universal tensile testing machine (model: AG-1, Nakagyo-ku, Kyoto, Japan) was used for the tensile and three-point-bending testing of the specimen. The ASTM 638-08 method was followed for the testing of the samples. A load cell of 5 kN was used for the applied force. The cross-head speed was maintained at 1 mm/ min, and gouge-length was fixed at 65 mm. For the threepoint-bending testing, the length of span was 50 mm, whereas the cross-head speed was 1 mm/min. Impact testing was conducted according to the method EN ISO 179 and by using a Ray-Ran Pendulum Charpy Impact System ( Warwickshire, UK). A hammer weight of 0.163 kg with velocity of 3.5 m/s was used for the testing. For all the tests, at least five samples were tested and an average value of the results with standard deviation was considered due to the uncertainty of the data.
Fourier transform infrared spectroscopy
The functional groups of the samples were inspected under a Fourier transform infrared (FTIR) spectrophotometer (model -Thermo SCIENTIFIC, NICOLET AVATAR 370DTGS, USA). The KBr method was applied for the analysis with scanning range from 600 to 4000 cm −1 .
Surface morphology and dispersion
A field-emission scanning electron microscope (FE-SEM) (JOEL, JSM-7800F, Japan) was used to examine the surface of the fractured samples obtained from the tensile testing. The surface of the fractured samples was placed on an aluminum holder by a double-sided carbon tape after the processing of sputter coating by using platinum for the conductive purpose prior to the observation through the FE-SEM. A TEM (Hitachi H-7100 TEM, Japan) was used to observe the dispersion of MWCNTs with an operating voltage of 120 kV. For the test, a plastic crusher was used to crush the samples into powder form, which was further subjected to ultrasonication for 30 min in a few drops of acetone. A copper grid was used to hold the sample which was dried afterwards prior to observation through the TEM.
Thermal testing
The thermal stability and the nature of decomposition of the composites were analyzed by using a thermogravimetric analyzer, TA instrument (model -TA-Q500). Nearly 4-5 mg of the samples was considered for the testing. The heating rate was fixed at 20°C/min during the range of temperature of 30-600°C. The nitrogen gas flow (40 ml/min) was ensured to avoid any kind of reaction during the testing. The melting behavior was analyzed by differential scanning calorimetry (DSC) (TA instrument, model -TA-Q1000). The nitrogen gas purging was ensured at a flow rate of 40 ml/min into the DSC chamber to avoid any unwanted oxidation. Nearly 35 mg of the samples was enclosed inside an aluminum pen for the test. The heating rate was fixed to 10°C/min for the temperature range of 30-410°C.
Results and discussion
Mechanical properties
The typical stress-strain curves of neat polyester and polyester-based composites filled with a fixed amount of (0.5 wt%) non-functionalized MWCNTs, OH-functionalized MWCNTs (OHM) and COOH-functionalized MWCNTs (COOHM) are illustrated in Figure 1 . The tensile strength (TS) and tensile modulus (TM) of the samples are shown in Figure 2 . The stress-strain curve of polyester showed mainly plastic behavior, whereas the reinforcement of non-functionalized MWCNTs and COOHM showed almost similar behavior. The TS of OUPE was found to be 22.1 MPa which was increased up to 23.9 MPa due to the loading of the non-functionalized MWCNTs. On the other hand, the OH-functionalized MWCNTs reinforced composites showed TS of 26 MPa, which was decreased further to 19.8 MPa for the case of COOH-functionalized MWCNTbased composites. The improvement of the mechanical properties of the OHM-based nanocomposites is thought to be due to the exfoliation of MWCNTs though the functionalization by hydroxyl group [15] . The standard deviation of the TS of the samples was found in the range of 0.78-1.1. On the other hand, the TM of the composites was found to be decreased due to the loading of the different MWCNTs. The OUPE showed TM of 2669 MPa, which was decreased to 2484 MPa, 1252 MPa and 2246 MPa for the case of NMPE, OHMPE and COOHMPE, respectively. The lowest modulus was observed for the case of OH-functionalized MWCNT-based composite. The standard deviation of the TS of the samples was found in the range of 34-67. The enhancement of the TS for the case of OH-functionalized MWCNT-based composites is probably due to the improved interaction between OHM and OUPE. On the other hand, COOH-functionalized MWCNTs showed the least TS and the maximum modulus due to poor interaction between the fillers and the matrix. It is always predicted and well known that cluster-free or small-sized cluster of functionalized-MWCNTs with better dispersion can provide sufficient interactions between the fillers and the matrix, which enhances the strength and the stiffness of the composites.
The elongation at break (%) of the different samples was measured during the tensile testing. The results are presented in Table 2 . The results showed that the OUPE had an elongation at break of 1.53% which was reduced to 1.11% for the case of NMPE. The maximum value of elongation at break (2.72%) was showed by the OHMPE. The value was further decreased to 1.35% due to the inclusion of the COOHM.
The flexural strength (FS) and flexural modulus (FM) of the samples were measured. The results are presented in Figure 3 . The FS of the OUPE was found to be 49. 
Structural properties
The FTIR spectra of the OUPE and the composites are illustrated in Figure 4 . For the spectrum of the OUPE, two transmittance peaks can be seen at 1064 and 1124 cm −1 for C-O stretching vibration [16] . The peak around 1279 cm −1 appeared due to CH 2 twisting. Two different peaks were observed at around 1382 cm −1 and 1635 cm −1 due to the CH 3 symmetrical bending and the aromatic ring stretching, respectively. The C=O stretching vibrations can be evidenced by the presence of the peak at around 1725 cm −1 . The peaks at around 2884 cm −1 and 2998 cm −1 were observed due to the C-H stretching vibration of MWCNTs [17] . A few additional peaks that were observed in between 989 cm −1 and 1387 cm −1 are thought to be due to the presence of carbon and hydrogen-based moities attached to MWCNTs [18] . The high intensity of the peak around 2823 cm −1 -3077 cm −1 was observed due to the interaction between MWCNTs and OUPE. The peak at around 1725 cm −1 was shifted to 1713 cm −1 , which was responsible for carbonyl stretching. This was due to the incorporation of the MWCNTs. A similar observation was evidence for the case of the OHMPE and the COOHMPE.
Surface morphology
The fractured samples, obtained from tensile testing, were observed by using field-emission electron microscopy. Figure 5A -C shows the fractured surface of NMPE, OHMPE and COOHMPE. The dispersion of the nanotubes can be seen in all the figures. A better dispersion was observed for OHM-based composites compared to the others. The clusters of the nanotubes were found smaller in the OHM-based samples. Relatively uniform and even distribution of the nanotubes was also found inside the polymer matrix for the case of OHMPE. The cluster of OHM in OHMPE was found smaller compared to the nonfunctionalized and COOH-functionalized MWCNT-based samples due to the interaction between hydroxyl group of OHM and polyester in the presence of the mechanical agitation. This better dispersion is probably a reason for the improved TS and toughness of the composite. On the other hand, poor dispersion and uneven distribution were the reasons for the weak performance of the composites.
TEM analysis
The dispersion of the MWCNTs was observed by using TEM. Figure 6 represents the TEM observation of NMPE ( Figure 6A ), OHMPE ( Figure 6B ) and COOHMPE ( Figure 6C ). The size of the nanofillers was measured to be 10-12 nm. The size of the MWCNTs was similar to the size of the nanotubes provided by the supplier. The agglomeration of non-functionalized MWCNTs and COOHM can be seen in Figure 6A and C. On the other hand, a uniform dispersion of OHM can be seen in OHMPE in Figure 6B . The non-functionalized MWCNTs can be seen in the form of agglomeration in Figure 6A , whereas a uniform dispersion can be seen for OHM-based sample in Figure 6B . A long chain like aligned and agglomerated MWCNTs can be observed for COOHM in Figure 6C . This may be due to the better dispersion and interaction between OHM and polyester. The nanotubes have a tendency to agglomerate and make some clusters due to the interactive and Van der Waals force among them. Sometimes agitation or using a suitable solvent cannot give a better and uniform dispersion. In that case, the functionalization of the nanotubes by hydroxyl functional group can provide better dispersion, compared to non-functionalized and carboxylfunctionalized nanotubes. While preparing the samples, it is important to recall that high agitation cannot be used as it might damage the nanotubes, which may result in low strength of the formulated composites.
Thermal properties
The thermal stability of the composites was evaluated by using thermogravimetric analysis and differential scanning calorimetry (DSC). A comparative analysis was carried out among the composites filled with nonfunctionalized MWCNTs, OHM and COOHM. Figure 7 shows the weight vs. temperature curves of the different samples. The samples were analyzed for their thermal degrading behaviors. The weight loss was considered as a function of temperature. The samples were analyzed in between 30°C and 600°C. The thermal stability of the composites was increased due to the presence of either non-functionalized or functionalized MWCNTs, compared to the neat polyester. The onset degradation temperature of the OUPE was 294°C, whereas, the NMPE showed a higher onset degradation temperature of 304°C. On the other hand, the incorporation of the OHM and the COOHM increased the onset degradation temperature up to 349°C and 342°C, respectively. The highest onset degradation was achieved due to the inclusion of OHM. This is may be due to the functionalization of MWCNTs by hydroxyl functional group that made an improved interaction between fillers and matrix. The onset degradation temperature was increased by nearly 45°C. The onset degradation temperature and residues after the degradation are presented in Table 2 . The residues of the OUPE, the NMPE, the OHMPE and the COOHMPE were 2.7, 4.2, 3.9 and 4.4%, respectively. The melting behavior of the samples was analyzed by DSC technique. The DSC thermograms of the samples are presented in Figure 8 . The melting temperature of the OUPE, the NMPE, the OHPE and the COOHMPE was 397°C, 399°C, 400°C and 397°C, respectively. The improvement of the thermal stability was due to the inclusion of the MWCNTs proving them as thermal stabilizer for polyester-based nanocomposites. The increase of conductivity due to the presence of MWCNTs may be the reason behind that. The decomposition temperature was increased due to the strong bonding between OUPE and MWCNTs which possess higher thermal and heat resistivity [19] .
Conclusion
The OUPE-based composites were prepared by the mixedblending method using non-functionalized MWCNTs and functionalized MWCNTs. The functionalization of the nanotubes was carried out by using hydroxyl and carboxyl functional groups to produce hydroxyl-based MWCNTs and carboxyl-based MWCNTs. A fixed percentage of different types of MWCNTs (0.5 wt%) was dispersed into the polymer matrix individually. The mechanical and thermal properties of the hydroxyl-based nanocomposites were improved significantly. The tendency of the agglomeration of the nanotubes was eliminated by functionalization through hydroxyl group. The interactions between the hydroxyl-based MWCNTs and the polymer matrix was found superior compared to the other samples. The FE-SEM and TEM analysis of the samples showed cluster-free image of the dispersion of hydroxylbased MWCNTs, whereas long chain and agglomeration of the nanotubes were observed for non-functionalized and COOH-functionalized MWCNT-based samples.
